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LOWPOWERUNATTENDEDDEFENSE REACTOR

Walter L. Kirchner and Karl L. Meier

LOS ALAMOS NATIONALLABORATORY
Los A1.2foOS, NM 87545

ABSTIUCT

A small, low power, passive, nuclear
reactor electric power, supply has been de-
signed for unattended defense application.
Thvough innovative utilization of ●xisting
proven technologies and components, a highly
reliable, “walk-away safe” dtaign has been
obtained. Operating at a thermal power level
of f200’’kWt, the reactor umea low enrichment
uranium futi in a graphite block core to
generate heat that is transferred through

haat plpea to a thermoelectric (TE) con-
verter. Waste heat is removad from the TEa
by circuiatim o? ambient ●ir. Because such
a power UUPPIY offero the promise of minimal
operation and maintenance (O&M) costs as well
as uo fuel logistics, it la particularly at-
tractive for ramote, unattended application
such au the North Warning System (l).

RFACTORPOWERSUPPLY CONCEPT

The law power unattended defense reactor
in a 20% enriched uranium-fueled, gr~phite-
moderat~d, thermal-spectrum reactor cooled by
heat pipezi. TE ●lements attached to the heat
pipan convert part of tha 200 kWt of haat

into electric power and reject warte h~at to
rmbient air flowing past fins connected to
the TEo (ace Fig. 1). Thr power #upply can
provide 20 kWe at beginning of life (BOL),
1.5 kWa of which 10 for the normal load, 1,5
kWe in for #ir circulating fa,~ power, ●n:: the
rmmainder 10 ,s contlngnncy for ‘N? power de-
UradaLion owr ~ifatime. Sufficient fuel la
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Fig. 1. Reactor nyctem schematic.

incorporated in the reactor to allow 20 years
of normal operation without refueling.

This inherently safe react~r hhs several
salient featurca. There are few moving
partn, thus giving the ayntem high reliabil-
ity. The reactor la “walk-away safe” and haa
no fuel logi.ztica, Because the power supply
aaaimilatea existing, proven component tech-
nologies, no major development iB required.
The spherical particle fuel used haa excel-
lent ficaion product retention capability and
la quite similar to that currently proJuced
for high tamperaturc LrIS cooled reactora,
Redundant best pipes and TEa allow for fail-
urea in either or both components with little
reduction in electri~al output. Through the
uae of ambient air to cool the cold side of
the TEa, the need for an intermediate coolant
loop ia eliminated, Redundant air circula-
tion farm provide forced convection cooling
for maximum powsr ou:put from tha ●yateti,

Aa thown in Fig. 2, the reactor in con-
tainad in ● concrtta vault and resto on a
concrete pad. Heat plpea with contiguous Tlh
extend above the r~!actor in ● manner not un-
lika a chimney. L)cal rock and earth, where
●vailablo for shielding, ● ra pilad around the
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Fis. 2, Low power unatta,~ded defanme ra~ctor,



reactor in a conical pattern. The overall

power supply ie 5.5 m high and 10 m wide at
the base.

REACTOR

The heart of the power eupply is the
reactor core, with its 20% enricheti uranium,
UCO particle fuel. In additivn to being rel-
atively easy to handle and fabricate, the
fuel particlen are stable to 1400”C and very
high burnup (100,000 MWc!/ton). Becauae nor-
mal core maximum temperature is 640*c and the
end-of-life burnup is approximately 30,000
MWd/ton, considerable operational and safety
margins exist.

. Fuel.1 The reactor fuel Is lwmed on
available technology. The fuel codsista of
UCO spherical particle kernels 350 w in
diameter that are coated by porous carbon,
pyrolytic carbon, silicon carbide (SIC), and
pyrolytic carbon to form a quadruple layer.
The layers conatitut~ a opherical ahcl; 800
pm in diamat,er, which la called a “Triao”
particle, as shown in Fig. 3. The paramount
ftature of the Triao fuel particle is ita
ability to retain virtually all of the fia-
eiou products generated within the kernel up
to a temperature of 1400*C. Even under ex-
tremely severe accident. conditions in which
the fuel reaches a temperature of 21OO”C, 90%
of the particlea will not fail. The Triao
particle~l are mixed with graphite binder and
preaaed .lnto cylindrical fuel rods 1,3 cm
diameter and 4 cm long for loadina into the
core.

The reactor core conaiata of a 125 cm

diameter, H-451 graphite block 125 cm high,
as ahown in FIR. 4 (a segmented block core la
●lao ar. Optiot)). Hole- ●re bored in the
block for approximately 1000 fuel rod ●tacka,
19 heat pipes, ●nd 6 secondary B~C shutdown
mechanieam. The volume ratio of graphite to
fuel roda in the core la 9 to 1. The volume
ratio of graphite to UCO ia ●bout 250 to 1.
The core la surrounded by a 20-cm thick
graphite circumferential reflector and by
similar ●xial reflectors on top ●nd bottom.
This configuration produces a~~hermal neutron

ctrum raactor. The core dontaina 11 kg of
~~5U, of which 1.4 kg 18 consumed over the
20-year lifetime.

2* Reactivity Anal~m~aa. Reactor con-
trol la Drovided bv 18 covttrol drums In the.–
refleclor. AlthouRh mostly the
drume

~raphite, ~oB4c
contain 120 d~grea circulmr

aeurnants, which when rotatad in toward tho
cora provide neutron ●bsorption, reducing
reactivity (keff). Electromechanical actu-
atoro ●ituatmd ●top tho reactor ● ra uced tc

‘!tate ‘Tra$’a ~l,et~Sev;;lF”tt%&X;?● ●ctric
unleoo deactivated, Should ● comp.late powex
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Fig. 3. HTORfuel element components.
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Fig. 4. ~eactor graphite Llock core.

failure occur, ●pringa raturn all dxuma tu
the “in” position. The drums are fitted with
mechanical locks that prevent drum ❑ ovement
thereby ●aauring ●ubcriticall(y durintii aa-
●~mbly ●nd transportation. A second aet of
mechanical drum locking pi:,a is used to in-
creaa~ ●afaty by reatrictlna drum rotation to
● partial out condition durin~ tha ●arly
years of tho raactor lifa. AM burviup pro-
ceada, in later yearc, the second #et of
locking pina la ramoved ●llowin~ the drums to
rotcta to the full out position.

A ,lecond independent ●mergancy reactor
shutdown system is inocforp:::ted in “he de-

!k~; ~ph~~:iat;bt
containk:a of

reeid~ atop the



reactor dtxlng normal. operation. Fusible
diaphragm hold the npherea in place. If an
emergency situation should occur, and the
reactor temperature rimes to a level at which
the diaphragm melt, the 10B4C apherea
enter the six normally void holes in the
core. Sufficient negative reactivity exiata
when the bells are in the core to render the
reactor aubcrlsical even when all drums are
in the full out position.

Exteneive computer neutronics calcula-
tions have been performed on the reactor.
Both multigroup transport theory (1’WODAWT)
and Monte C2mrlo methods (MCWP) have been
used. With the control drums in the full
“out “ position, calculation mhow that the
keff equals 1.11. Calculations also ahow

‘eff - 0.98 when the drums are at the “in”
position. Iusertion of the B4C particlee
into the core further reduces keff to
0,74. Table I la a compendium of valuea for
keff and Akeff.

With a C12% atom ratio of 40(AO11,

the reactor has a nearly thermal energy neu-
tron spectrum; 80% of the fir,aiona are pro-
duced by thermal neutrons. The radial and
axial power distributions at the core center
and edgea are ahown in Ftg. 5 for a non-
powmr-flattened core. The overall maximum/
average and minimumlavera~e power denaitiea
are 1.73 and 0.52, reape:tively. Subsequent
core design will judiclouely position the
fuel rods a~d heat ptpea to achieve a high
degree of power flattening and constant power
per heat pipe.
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MBLE 1

REACTIVITY TABLE

Condition

Drums Out, BOL
Drume In, BOL
Drums ln, B4C Balls in

Cold-to-Hot at 630”c

Thermal Baae
238U Doppler
Xxpenaion

Total

Burnup (2O yrat 200 kWt)

235u
1495n

Other FP
Total

keff

1.11
0.98
0.74

Akeff

0.045
0.020
0.003
0.068

0.020
0.010
0.016-—
0.046
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Calculation were performed to estimate
reactivity chengem aamociated with the core
temperature increase during startup aa the
temperature riaea from ambient to 630’C aver-
age operating temperature. The results,
which almo include fuel burnup, ●re ahotm in Fig. 5. Power distribution for a non-power
Table I. The various colaponents of the re- flattened core.
actor temperature coefficient are ahown jn
Fig. 6. Haating of the graphite ❑oderator
produces higher energy thermal neutronn.
Because the fuel ●bsorption croso ●ectlon 10
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lower at the elevated energies, the neutronn o Tom
tend to preferentially leak from tho core.

/

~$!!~

This effect accounto fOr moat of th,c rMAC-
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tivity loaa ~~8high temperatures. Incrmaaed
!;

//
ctpture in U reaonancem almo contribute

to a significant reactivity decrease. At the E
axpected uverage core operating temperature

i
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of 630”C the total reactivity loaa is esti-
mated to be 6.8% L!keff.

The reactivity loam due to fuel deple-
T,.<:*+],,

0
tlon ●nd fission product buildup, ●amuming
20-yeara operation at 200 kWt, wam estimated

AvERWCU?F TWITRATUIW(C1

to be 4.6X, ThIZ ●insle moat ●bsorptive fis-
●ion product in 1495m, Bened on the above
calculatlonm, ● total, BOL $!xceoo reactivity Fig. 6. Reactivity loaa va average corv
of ●bout 11% 1s raquirad to compensate for tcmp9rature.



temperature effects and fuel burnup. Baaed
on the calculated control drum worth of 13%
reactivity, the BOL shutdown margin with con-
trol drums fully Inserted is -2% (keff =
0.98). Mditlonal shutdown margin will be
obtained by incorporating burnable poiaona in
the form of Cd203 to offset the long term
fuel burnup reactivity loss.

3. Thermal Lalyaia. A finite element
thermal analysia wa.e performed on the core
ueing the computer code ABAQUS. The reaulta
predict that under no-l operating condi-
tions t!,e maxlmm core temperature ia 640*C
(for a reactor thermal power of 200 kWt, a
graphite thermal conductivity of 71 W,hK, a
;~a:Op~ temperature of 580”C, and a gap AT

. These conditlonu produce an aver-
age core temperature of 630”C and a graphite
AT of 50”C.

Table 11 ia a list of core ATE that re-
sult from various operating ~cenarioa, in-
cluding operation with failed heat pipes. For
the caae of a eingle heat pipe failure the
graphite AT increaaea to 1004C. If two adja-
cexit heat pipes fail, the AT increaaes to
180”c. Althmgh not detrimental to the re-
actor core, a few heat pipe failurea result
in reduced electrical output unleaa the heat
pipes are replaced.

The temperature drop acroaa the graph-
ite-to-heat pipe gap ia 10”C for a 0.03 mm
radial He filled gap. Although initially at
0.2 mm during aasembly, the gap nearly cloaca
at reactor operating temperature due to dif-
ferential thermal expanaion of the graphite
and the heat pipea. Filling the core with
air instead of Fe reaulta in a five-fold AT
increaae. However, air ingream must be pre-
vented because at the normal operating core
temperature of about 630”C, the 02 in the
air will rapidly oxidize the graphite.

An investigation of core temperature
excursions after shutdown waa made. Under
normal conditions, tha heat pipes remove the

TABLE II

REACTORSYSTEM PERFORMANCE
WITH HEAT PIPE FAILURE

Calculations

o ~x core AT no failurue .50K
o i4ax core AT one failure . 100 K
o Max core AT two ●djacent failures . 180 K

W3U1.TS!

o No ● feet on ● atwn
•eet{n~ ❑ia.iol raquK%M “= ‘n

few kflowatta of decay heat and the core tem-
perature dropa rapidly. If it la aaaumed
that the heat pipes are not operating at
shutdown, the core temperature incrzaaea 20”C
during the firat few hours and then slowly
decreaaea aa heat flow.e through the veaael
well .

Relimina~y aualyaea indicate that low
atreas levels exist in the core. The iow
heat deposition rate of 0.1 U/rm3 rejulta
in small temperature gradienta and associated
atreaa levels. Becauee the high energy ne~-
tron fluence over the life of the reactor fa
less than 1020/cm2, no swelling problem
exists. The neutron fluence, however, doea
reduce thermal conductivity in the H-451
graphite block by 5% from 75 W/mK to 71 W/mK
over the 20-year reactor life (2).

HEAT PIPES

Heat pipes are used to transfer reactor
heat from the core to the hot shoes of the TE
generatora. These highly reliable, peaaive,
nearly iaothermel heat tranafer devices con-
tain no moving parta. Heat removal from the
core is achieved by boiling the liquid potaa-
aium working fluid from the interior walls of
the evaporator section of the heat p?.pe. The
vapor, with ita latent heat, flowu out of the

core to the condenser region of the heat pipe
where the latent heat in removed. The heat
then flows to the TEa encircling the heat
pipes. Shown in Fig. 2 are the heat pipea,
19 total, each 3.2 cm O.D. with a 2 mm wall
and total length of 4.4 m. The potaaaium
liquid flows back to the evaporator region in
the core through a thin screen wick struc-
ture, with an anaiat from gravity. The wall
mqterial ia carbon ateel electroplated inaide
md out with nickel (Ni). Although Ni/K heat

pipem have proven quite auccesaful iu pest
experiments at RCA Corp. [40,000 h wi:hout
failure (3)], the wze of ateel waa naceami-
tsted by the hlsh neutron absorption CT>%X

aactlon of Ni. Using mtael aa the maiu wa.,1
material appreciably zeducwz the core 235U
inventory. (A more aatimfactory heat pipt”
design ie hlng investigated.)

Dorlug normal operation in a power flat-
tenad core each heat pipe tranafera 10.5 kWt.
A considerable design margin exinta because
this power ia ● factor of three balow the
heat pipe sonic limit. The mar~mum radial
heat flux through the evaporator wall fII
8.7 W/cm2, which is alao far below design
Iimita.

TxERHOELECTRICS

Electric powar ia ganerated by thermo-
electric alements.
produce

Thaoa paaaive device~
eluctric power when a temperature

gradient oximts ● croas them, in ● manner



similar to a thermocouple. lhe TEE axe ar-
ranged clrcmmferentially around the heat
pipes aa shown in Fig. 7. The meteriala that
are the meet efficient generatora in the tem-
perature range of interest are lead-telluride
(PbTe) for the ‘n” leg and tellurium-anti-
mony-germanium-silver (TAGS) for the “p”
leg. The “p” and “n’ TE legs act ao that
their combined voltagea add and thus increase
electrical output. When assembled Into a
module, these elements generate 11 W at
12 VDc. With a height of 1.3 cm and a croaa
aectionel area 10 cm2, an efficiency of
about 9.7% ia achieved for a 450”C hot-to-
cold ahoe AT (4). The design peremeter~ for
the TEa in thi8 power supply are given in
Table 111. For a hot junctiou temperature r.f
545”C, the correepondlng cold shoe tempera-
ture is 95”C. Maximum recommended contiriuoua
operating temperature for l.fGS is 580°C, but
little degradation occuro at 595”C. There-
fore, a margin of 50”C exlate under these
temperature ccnditiona. To raiae the small
voltage and power of each element to a uheful
level, aeriea/parallel connections between
elements are used. This la accomplished by
ueing electrically conducting ahoea on the
hot and cold junctions. Ineulatora on the
aidea aa well aa outboard of the hot and cold
junc’ Lena are aleo required. By judicloua
placement of conductors and inaulatora, the
voltage la increa~ed to a few hundred VDC and
the power to 15 kWe. The PbTe/TAGS must be
hermetically sealed to prevent air induced
degradation..

TABLE III

TIIERMOELECTRICPARAMETERS

Output/Module : 11 W, 12 VDC
Efficiency : 9.7%

MATERIAL

TE $ PbTe (n) TAGS (p)
Hot ahoe : Nickel
Cold shoe i Aluminum
Hot insulator t Mica
Side insulator t Mica
Cold insulator ! A1203

(hodized Alum.oum)

TEMPERATURES

maximum “c-——
Heat pipe 580
Heat pipe AT
Hot insulator AT 3:
Hot ●hoe 545
Cold shoe 95
Cold lnaulator AT 10
Fin root 85
Average coolant air 25
Ambient ●ir 20

PbTe/TAGS modules have been incorporated
in many electric power g, crating devices.
“Viking” and “P.i.oneer- satellites are etill
functioning satisfactorily after 15 yea?a in
apace. Terrestrial generating units such an
‘Sentinel” continue to operate after 18 years.

HEAT REJECTION

In this power supply em~fent air serves
aa the heat eink am it flows over a series of
flna attached to the TE cold ahoea. Figure 7
la a top, croaa aectlonel view of the heat
pipes, TEaC and heat rejection fins. Heat
tranafer from fins to air id by forced con-
vection, In which the average turbulent heat
transfer coefficient la 28 U/m2C. Natural
convection heat transfer without fana can be
used in dome application. The aluminum fins
are radially 10 cm long and 2 mm thick; 16
surround each heat pipe, Total axial fin
length ie 2.3 m, which is the length of the
TE and condenser section of the heat pipes.
Uae of fins to augment heat ‘transfer is qutte
effective in this deaigo, where a 20-fold
increaae ia realized.

CONTROLS

Reactivity la controlled by 18 control
drume with B4C absorber awgmenta. As pre-
viously discuaaed, drum rotation is achieved
by stepping motor actuators to produce the
desired power level.

“’KHEATp’pEs\\ I / A>UM!NUM FINS

#

P To/TAos

COOLINO AIR
TW?MOE CC7RIC

%~&9 \- //I \\m
l.-b-io 0.4

—20 am————— --l

Fig. 7. Thermoelectric/heat pipe/cooling fin
arrangement.



Heat pipe temperature provides a conven-
ient reactor control parameter when the reac-
tor is near normal operating power. Neutron
flux control may be required at startup aud
at low power levels. Several temperature
seneore are needed in the power supply to
protect varioua components. These aeneora
have an overridelreactor shutdown capability
that can be activated either automatically or
remotely by an operator.

A power controller la needed to regulate
the small changes in power requfrementa of
the load as well ae ahunt the 3 kWe of con-
tingency power at BOL. This ie achieved by
shorting some of the TEe. The TE output
voltage is DC at a level tailored to the Io?.d
requirement, but AC power can be provided by
a converter. The reactor is controlled by a
computer housed nearby. Remote monitoring
and shutdown of the power eupply is possible,
although the reactor can ahut down in an
autonomous manner.

SAPI:iY

The reactor power supply ia a “walkaway
cafe” device. In any conceivable accident
scenario the need for operator intervention
is eliminated and the inherent Eafety fea-
tures of the reactor will preclude signif-
icant risks to the public or environment.
The very low 235U inventory of 11 kg at 20%
enrichment also s+:ves to minimize a~feguarda
problems.

The accident acenarioa which generally
show the greatest risk potential are leas of
coolant (LOC) and tranalent overpower (TOP)
without scram. The low power density of
0.1 W/cm3, the high heat capacity of the
mamaive graphite core, the large negative
temperature cc~fficient of reactivity, the
redundant heat pipea in place of a primary
coolant ayatem, and the secondary shutdown
system eaaentially eliminate the r$,ak of both
LOC and TOP.

A second criticality iq defined aa a
series of eventa whose synergism produces a
critical configuration of the core that is
different from the ariginal configuration.
Second criticality la not posmible in this
reactor becauae the maae of 20% enriched
235U ia an order of ❑agnitude too low. The
reactor is only critical in itm heterogan-
eoua, moderated configuration. In thi.e re-
actor, the low total power and low power den-
sity make decay heat removal a non-iaaue.
‘I’he high heat capacity of the graphite and

the low decay heat power (which drops fairly
rapidly to loaa thar. 2 kW) result in m vary
●1OW rate of increaae in the core tempera-
ture, baa than 2°C per hour. Even if the
reactor were inoulated from the environment,

after a month no damaging fiealon product
releaee temperature wmld be achieved.

Becauae the reactor waa designed for
unattended operation without refueling, a
reeeme reactivity ia required for startup.
Three protective devicee have been incorpo-
rated into the design. k’irat, drum rotation
la restricted to a very low rate by limiting
devices. Second, total drum rotation angle
will be restricted by pine which are removed
as burnup proceeds. Third, burnable poison
will be incorporated eo aa to minimize the
excees reactivity. A secondary paeaive and
independent ehutdown mechaniern la also pro-
vided in the form of B~C balla that are
releaaed into the core when a fusible dia-
phragm melts at high temperature.

MECHANICALDESIGN

The reactor la hermetically eealed in a
1 cm thick steel veaael that aervea to pre-
vent air ingreaa, He egreea, and inadvertent
damage to the reactor during shipment. The
reactor ia preaaurized with He slightly above
atmospheric preaaure. A preaaurization aya-
tem ia used to atore He aa the reactor tem-
perature rieea during startup and to supply
He aa the reactor temperature and He pre~laure
falla during shutdown. Should it be nucee-
aary, the veaael can serve aa a aeconiary
containment. Between the veaael and reflec-
tor lB a 5 cm thick layer of fibrous insula-
tion that reduces heat loaa to a few kilo-
watta. The heat pipe-TE-fin portion of the
power supply la structurally euppo?ted in a
relatively thin 120 cm diameter cy~indrical
shell that provides ducting for coolant air,
support, and protection during transportation
Table IV containe germane sizes and weights.

Nthough both the heat pipes and TIiB
have proved extremely reliable in numerous
multiyear teata, proviaicm waa made for re-
placement through the uae of flangea on the
heat pipea and mating reseal devices on the
veaael head. Replacement of actuatora, fans,
or He IJupply, nlthough not anticipated, la
quickly and eaaily performed. Ihe redundancy
of the aforementioned component allowa for
~ujlurea without the need for immediate or
complicated maintenance.

SHIELDING

Neutrona and gamma ray- produced in the
core must be abaorhed by shielding to protact
personnel as well aa vital part- of the aya-
tem such as TEs, actuatora, and tensing de-
vtceo. Tne top of the raactor is partially
shielded iJy a cadmium neutron ●baorbar plate
2 mm thick ●nd ● lead gamma ●hield 10 cm
thick am ahown itl Fig. 2. this thickneau of
lead reduces gamma flux from the reactor to



TABLE IV

Reactor
Core
Reflector
Vessel

Heat Pipes
Diameter
I,ength

~
Diameter
Length

Heat Rejection
Fins

Length

SIZE AND WEIGHTS

WelRhta

Structure
Actuator, etc.

Shield

Total Power Supply
Diameter
Height

the actuators and

Size (k;)
125 cm O.D. 2,670
165 cm O.D. 3,470
180 cm O.D. 1,280

130
3.2 cm
4.4 cm

5.0 cm
2.3 cm

10 cm
2.3 m

270

426

Pb and Cd

1.8 n
4.6 m

TEE by a factor of 1000.

490

1,320

10,050

Shielding for the top la ‘completed by a 0.5 m
thick concrete shield cap above the TEs.
Shielding et the sides of the reactor is in
the form of a berated concrete vault and lo-
cal rock/earth if available. With a minimum
of 3 m of rockfearth around the reactor, the
gamma ray dose rate at the surface la reduced
to <2 mR/h and neutron dose to near zero.

POWERRATING IMPROVEMENT

The basic design described in previous
sections is flexible and robust in ita power
capabilities. The “stretch” capability of
the reactor to higher power levels of 100-
400 kWe can be achieved a! modest increaaea
in fuel loading, size, and cost. The key to
this capability is to replace the relatively
inefficient and expensive thermoelectric
power conversion system with a working fluid
cycle. Figure 8 ahowa the basic heat pipe
reactor design coupled to an organic Renkine
cycle boiler and turboalternator. These
hermetically tiealed power conversio. systems
have demonstrated higl, reliability in remote,
unattended condition (mean time between

failures in excess of 30,000 hours). The
heat pipe boiler is a commercially available
product frequently used in wante-heat re-
covery eyotems. Preliminary economic analy-
sem indicate that thla concept in commercially

Fig. 8. Reactor power supply with organic
Rankine cycle.

competitive for remote installation and
settlements that have fuel oil costs in
excess of $4/gallon.
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